The stability of the most promising ground state candidate Si nanowires with less than 10 nm in diameter is comparatively studied with objective molecular dynamics coupled with nonorthogonal tight-binding and classical potential models. The computationally expensive tight-binding treatment becomes tractable due to the substantial simplifications introduced by the presented symmetry-adapted scheme. It indicates that the achiral polycrystalline of fivefold symmetry and the wurtzite wires of threefold symmetry are the most favorable quasi-one-dimensional Si arrangements. Quantitative differences with the classical model description are noted over the whole diameter range. Using a Wulff energy decomposition approach it is revealed that these differences are caused by the inability of the classical potential to accurately describe the interaction of Si atoms on surfaces and strained morphologies.
I. INTRODUCTION
Understanding the structure of nanomaterials is a prerequisite for further comprehending their outstanding properties. Si is a material of primary technological importance. Unlike carbon, which forms nanotubules with a hexagonal bonding network even at diameters extending down to a few nanometers, Si forms narrow rods called nanowires ͑NWs͒. In spite of a large body of experimental [1] [2] [3] [4] and theoretical [5] [6] [7] [8] [9] [10] [11] [12] [13] research, the ground state Si NW structure at the lowest diameters is not known. Relying on thermodynamic arguments, one conjectures that in relatively thick NWs arrangements with bulklike cores are more likely. However, as the diameter is decreased, surfaces and edges are becoming increasingly important in the NW energetic balance, 9 and quasi-one-dimensional organizations with noncubic core structures but low surface and edge energies are possible. To describe the ground state Si NW structure at sizes of below 10 nm, several candidates have been envisioned: It was predicted 9 that an enhanced stability can be obtained in polycrystalline achiral Si NWs constructed with five identical crystalline prisms exposing only low-energy ͑001͒ Si surfaces. In another recent study, 10 wurtzite NWs with hexagonal cross sections were found to be the most stable. Note that although NWs with wurtzite cores are prevalent in III-V zinc-blende semiconductors, 14 they have been synthesized also in Si. 4 Finally, icosahedral Si quantum dots 15, 16 constructed from tetrahedral blocks were proposed. Because of the low formation energy of the exposed ͑111͒ surfaces, these dots are very stable. One-dimensional NWs assembled from icosahedral dots appeared 12 more favorable than the achiral pentagonal NWs of Ref. 9 .
Which nonbulk NW structural motif is, in fact, more energetically favorable and therefore more likely to be stable? To answer this question we recognize that the accuracy of any microscopic investigation depends critically on the level of theory behind the description of the Si-Si interatomic interactions. Unfortunately, accurate ab initio methods formulated in the typical periodical boundary condition ͑PBC͒ context are computationally demanding and studies employing these methods can be carried out only at the smallest diameters. 6, 8, 11 They are used to complement larger scale microscopic calculations based on empirical classical potentials, 17, 18 which are typically assumed to be less accurate only in the smallest size range due to the enhanced role of surfaces. Consider, for instance, the description of the surface reconstruction as obtained with the widely used Stillinger-Weber 17 and Tersoff 18 classical potentials, both used in Refs. 9, 10, and 12 to describe the pentagonal NW that exposes ͑001͒ facets. The ͑001͒ Si surface has been studied with these potentials 19 and a 2ϫ 1 symmetric dimer pattern was found to be the most stable. However, with densityfunctional theory ͑DFT͒ it was found 20 that the asymmetric buckling of the dimers in a p͑2 ϫ 1͒ asymmetric reconstruction lowers the energy significantly, by ϳ150 meV/dimer. A further ϳ80 meV/dimer energy lowering was obtained in a p͑2 ϫ 2͒ reconstruction with alternating asymmetric buckling of surface dimers. ͑Note that although the reconstruction of the ͑001͒ is still an unresolved issue, the DFT findings are supported both by higher level calculations 21 and experiment. 22 ͒ Since the asymmetric buckling is not captured, the classical treatment 17, 18 for the thinnest NWs exposing ͑001͒ surfaces will not be accurate.
As documented in several occasions, [23] [24] [25] [26] ity. For example, with DFT-based TB, a description of the ͑001͒ and ͑111͒ Si surfaces consistent with DFT can be obtained. 23 Their disadvantage is still the high computational cost: Computing the electronic structure energy and forces from a TB Hamiltonian by direct diagonalization results in a cubic scaling of the computational time with the number of electrons considered ͓O͑N 3 ͔͒. This limits the system size to about 1000 Si atoms, which under the current PBC treatment is insufficient for comprehensive NW calculations. It is possible to alleviate this notorious dependence of computation time with O͑N͒ methods. 27 However, the errors introduced 28 in the electronic band structure could affect the outcome. Because of the O͑N 3 ͒ computational difficulties, the three main candidate structures [9] [10] [11] [12] have not been studied and compared consistently over a large size range with accurate quantum mechanical methods. In this contribution we address this computational bottleneck with the recently proposed method called objective molecular dynamics ͑OMD͒, 29 now coupled with a symmetry-adapted TB formulation relying on the DFT-based nonorthogonal TB parameters. 23 OMD brings two important computational advantages: First, by making recourse to both rotational and screw symmetries of the Si NWs, equivalent calculations are carried out on substantially smaller repeating cells. With this economical approach we could perform, without introducing additional approximations, direct TB O͑N 3 ͒ accurate calculations ͑MD and relaxations͒ over a large diameter span. Second, OMD is used as an efficient tool for finding the optimal surface reconstruction of the NWs. When comparison with MD under PBC was possible, we found that the OMD solution reached the lowest potential energy configuration significantly faster. To make contact with previous results 9, 12 and to observe the importance of the quantum treatment, the stability calculations were repeated with OMD coupled with the Tersoff potential. 18 Details about this method are given in Ref. 29. This paper is organized as follows. Section II presents the polycrystalline and wurtzite Si NWs and gives a description of the OMD scheme coupled with the symmetry-adapted TB formulation. Section III reports the results of the OMD calculations and discusses the differences between the data obtained with the two potentials. The last section summarizes and comments on the main results.
II. SYSTEMS AND METHOD
A. The structure of polycrystalline and wurtzite
Si nanowires
We describe the three NW motifs presented in Figs. 1 and 2 without explicitly accounting for their translational symmetry, with
which instead makes recourse to their screw and angular symmetries. Index n runs over the N 0 atoms at locations X n inside the objective domain, while integers 1 and 2 label various replicas of this block. Rotational matrix R 1 of angle 1 and the axial vector T 1 indicate a screw transformation applied to the objective domain while the rotational matrix R 2 indicates an axial rotation of angle 2 . Table I summarizes the exact values of the domain parameters 1 and 2 as well as algebraic expressions for the number of atoms N 0 and the number of surface atoms N sf in the objective domain as a function of the number of atomic layers L. The precise T 1 value is model dependent and will be determined by simulations.
The NW shown in Fig. 1͑a͒ , labeled P, exhibits a fivefold rotational symmetry. The exposed five equivalent ͑001͒ surfaces have dimer rows oriented parallel with respect to the NW axis. At the center of this NW there is a channel of pentagonal rings. The OMD computational domain shown in blue ͑dark gray͒ is a triangular prism limited by two ͑111͒ and one ͑001͒ surfaces. The associated angular parameters are 1 = 0 and 2 =2 / 5 while T 1 equals the PBC periodicity T. Thus, in comparison with the traditional PBC scheme, OMD reduces to 1 / 5 the number of atoms that need to be accounted for. Note that to form the NW, the ͑111͒ surfaces of the objective domains are connected through low-energy stacking fault defects. Because in the bulk Si the two ͑111͒ planes of the triangular prism form an angle Table I corresponding to L = 5. Alternatively, the I NW can be constructed from aligned icosahedral Si dots sharing the tetrahedron building blocks shown in gray. = 2 tan −1 ͑1 / ͱ 2͒, which is slightly different than 2 , each domain stores elastic energy corresponding to a shear deformation with = 2 − . Figure 1͑b͒ shows the structure of a NW motif with a hexagonal cross section, but threefold rotational symmetry. This NW, labeled H, has a wurtzite core structure. Although its surfaces are equivalent, they are shifted in an alternating manner along the NW axis by half of the PBC period T. The OMD computational domain represents 1 / 6 of the PBC domain. Its parameters are 1 = / 3, T 1 = 0.5T, and 2 =2 / 3. The nonzero value of 1 indicates that the H NW is generated by repeated screw and pure rotations.
The last NW motif considered, labeled I, also exhibits a fivefold rotational symmetry. The tetrahedron block shown in Fig. 2͑a͒ is truncated directly from the bulk. It exposes only low-energy ͑111͒ surfaces and all faces are equilateral triangles. Twenty such blocks are combined through lowenergy stacking faults to form the dot shown in Fig. 2͑b͒ , having icosahedral I h symmetry. The combination of three blocks shown in Fig. 2͑c͒ represents the OMD domain for the I NW shown in Fig. 2͑d͒ . The associated angular parameters are 1 = / 5 and 2 =2 / 5. Thus, with Eq. ͑1͒ this NW is built from screw and pure rotation isometries.
In the I NW one can identify two types of blocks: blocks ͑shown with yellow/light gray and blue/dark gray͒ that, like in the I h dot, expose one facet and blocks ͑shown in gray͒ in which all facets are in contact with other blocks. As discussed before, 12 the I NW can be also thought of as being composed of aligned polycrystalline I h Si quantum dots that share the tetrahedron blocks shown in gray ͑i.e., five tetrahedral blocks at each interface͒. In this respect, the two crosses separated by a distance T 1 in Fig. 2͑c͒ mark the centers of two virtual I h dots sharing the gray blocks. This picture helps us to comprehend the strain accumulated in the I NW, discussed next.
As in the case of the P NWs, the mismatch resulted when combining the bulk tetrahedron blocks to form the I h dot and the I NW introduces strain. In the high symmetry of the I h dot the 20 tetrahedron blocks are equivalent and thus the mismatch strain will be equally distributed among them. More specifically, since at each vortex a radial channel of pentagonal rings is formed, each tetrahedron block around it accumulates elastic shear energy corresponding to a strain = 2 − . As each tetrahedron is delimited by three radial channels, it follows that the exposed faces are equilateral triangles, as can be also noted from Fig. 2͑b͒ . The symmetry lowering to the I NW superposes additional elastic energy. In an icosahedron the tetrahedron building blocks are not regular ͑i.e., the exposed faces are equilateral while the internal ones are isosceles triangles͒. Thus, the ͑110͒ planes of the gray blocks of Fig. 2͑b͒ ͑to be shared in the I NW construction͒ are not perpendicular on the NW long axis. Consequently, the internal blocks will undergo additional elastic deformation, specifically by decreasing the angle made by the two ͑111͒ facets that join into the circumferential edge, Fig. 2͑b͒ , such that the middle transversal ͑110͒ plane becomes perpendicular to the NW axis. The other tetrahedron type will also be affected by this adjustment and the exposed faces will become isosceles triangles in the one-dimensional structure. From this qualitative picture one can immediately conjecture that the I NWs will store a larger strain than the P NWs and the I h dots.
We finally note that in the I NWs the PBC treatment is unnatural as T is L dependent and the number of atoms in the PBC cell increases significantly ͑as ϳL 3 ͒. For example, for L = 6 there are 2730 Si atoms in the PBC cell but only 273 atoms in the OMD one.
B. Formulation of the symmetry-adapted tight-binding objective molecular dynamics
We now present our coupling of the OMD formalism with nonorthogonal TB with two center terms, as implemented in the computational package TROCADERO. 26 While in MD under PBC one obtains MD solutions invariant under the PBC translations, here we are interested in the subset of solutions compatible with the screw and angular rotation operations. To accomplish this in practice, 29 simulations are carried out only on the N 0 atoms subjected to the boundary conditions imposed with Eq. ͑1͒. The treatment of the N = N 0 · n ␣ valence electrons, where n ␣ labels the number of valence electrons per atom ͑n ␣ = 4 for our case͒, is more subtle.
In general, TB is a method to determine the electronic structure of a system. Invoking the Born-Oppenheimer approximation, from the TB electronic energy one can construct a potential that can be used to carry out TB MD simulations. 30 More specifically, in TB we solve the Schrödinger equation from a Hamiltonian H containing an effective potential term, here invariant to the NW screw and angular rotations as well as to the permutations of atoms. We accommodated this symmetry into the one-electron wavefunction solutions by representing them in terms of symmetry-adapted sums [31] [32] [33] [34] [35] [36] of localized orbitals, suitable for the screw and angular symmetries. Consider N s the number of screw operations ͑typically ϱ͒ over which the cyclic boundary conditions are imposed and let N a be the number of 2 rotations needed to fill the NW circumference. The symmetry-adapted Bloch sums write
where the phase factors 37 are the eigenvalues of the commuting rotation and screw operators. 35 Here l =0, Ϯ 1, ... , Ϯ ͑N a −1͒ / 2 represents the angular number. To avoid the discomfort of introducing helical distances, − ഛ Ͻ represents the screw wavevector already normalized 
by the helical periodicity. As in Eq. ͑1͒, index n runs over the atoms located in the objective computational cell and ͉␣n , 1 2 ͘ refers to the orbital with symmetry ␣ located on atom n, all in the objective cell indexed by 1 and 2 . Lastly, to satisfy the generalized Bloch theorem, the ͉␣n , 1 2 ͘ orbitals are obtained by applying a R ͑ 1 , 2 ͒ rotation to the orbitals ͉␣n͘ located in the ͑ 1 , 2 ͒ cell that are parallel with those situated in the initial ͑0,0͒ cell. Specifically, .
͑3͒
Note that the s orbitals are not affected because of their intrinsic symmetry while the p z ones are invariant as they are oriented along the NW axis. Further, the symmetry-adapted Bloch elements between different angular and helical numbers of the TB Hamiltonian and overlap matrices vanish. Therefore, the eigenvalue problem for the atoms contained in the N s · N a objective domains becomes block diagonal and it can be solved separately for each block labeled by l and as follows:
H͑l͒ · C͑j,l͒ = j ͑l͒S͑l͒ · C͑j,l͒, j = 1, ... ,N.
͑4͒
The elements of eigenvector C represent the expansion coefficients in the basis ͑2͒ of the one-electron wavefunction solutions of the Schrödinger equation. 
͗␣ЈnЈ,l͉␣n,l͘
where
In comparison with the TB under PBC, 25 in Eq. ͑4͒ we obtained a size reduction of the eigenvalue problem at the expense of carrying out diagonalizations at additional l points. In view of the O͑N 3 ͒ computational time scaling, the advantage of this method is obvious.
The usual PBC Bloch sums 25 as well as the symmetryadapted ones are both associated with unitary transformations. Thus, the electronic eigenvalue spectrum remains unchanged. To illustrate this point, Fig. 3 shows the band structure for the thinnest P NW, where N 0 = 6 atoms and N a = 5. Since 1 = 0 and T 1 = T, / T coincides with the linear wavenumber k. In Fig. 3͑a͒ we show 120 energy bands obtained by solving the eigenvalue problem from a PBC cell containing 30 atoms. On the other hand, Fig. 3͑b͒ presents the 24 energy bands as obtained by solving Eq. ͑4͒ at each angular number. ͑The bands for l = Ϯ 1 as well as Ϯ2 are degenerate due to symmetry.͒ When plotting on the same graph the bands corresponding to all N a angular numbers, we find that they overlap perfectly on the ones computed from the full PBC domain. The total electronic energy contained in the N s · N a objective domains writes
where f is the Fermi function and ␦ =2 / N s . Because E band is invariant under the screw and angular rotations as well as under the permutations of atoms, the conditions 29 for carrying out OMD from the TB potential are fulfilled. To perform MD, the forces acting on the N 0 atoms are needed. The force on the atom at X m due to the band energy, F m =−‫ץ‬E band / ‫ץ‬X m , writes
which is the Hellmann-Feynman force. The above expressions are considered as N s → ϱ and becomes continuous. Typical non-vanishing elements for the derivatives of the TB Hamiltonian and overlap write ‫␣͗ץ‬ЈnЈ,l͉H͉␣m,l͘
‫␣͗ץ‬ЈnЈ,l͉␣m,l͘
/ ‫ץ‬X m are given in Ref. 23 . We note that the two-body repulsive part of the TB potential 23 does not necessitate specific adjustments for OMD.
III. RESULTS AND DISCUSSION

A. Structural optimizations
All NW structures were optimized by a combination of constant-energy high-temperature TB-OMD, carried out with a 1 fs time step, followed by conjugate gradient energy minimization scans for several T 1 parameter values until the optimal configuration was identified. Computations were carried out on the fundamental objective domains presented in Sec. II A for all I NWs and for the H NWs with odd L. Larger domains, with 2T 1 for the P NWs and 2 2 for the H NWs with even L, were also used in order to describe the alternating reconstructions of the surfaces. Exploiting symmetry has the potential danger of missing minima with lower symmetry. Our test PBC calculations carried out for the smallest NWs ͑with L =2͒ showed agreement with the TB-OMD data. When calculating the band energy with Eq. ͑9͒ and the Hellmann-Feynman forces with Eq. ͑10͒ all distinct l points were considered while was sampled with 2-39 uniformly spaced points. Figure 4͑a͒ presents the optimal surface reconstruction for two P NW domains, showing an alternating buckled dimer reconstruction on top. Accounting correctly for the surface reconstruction appeared important especially for the thinnest NWs where the surface to volume ratio is largest. For example, we obtained a 20 meV/at. energy lowering from the nonalternating buckled to the alternating buckled pattern for the P NW with L =2.
Remarkably, our simulations indicated that OMD is more efficient than PBC MD in finding the optimal surface reconstruction of the NWs. In general, during MD the system samples many different potential energy minima, spending more time in the deeper ones. Because the small objective domain forbids several local minima, the system avoids these unimportant states and thus can reach faster the lowest potential energy state. This is demonstrated in Fig. 5 , which compares the evolution of temperature for a P NW with L = 2 in OMD versus PBC MD. To make the comparison meaningful, both simulations were initiated with velocities corresponding to the same temperature while the initial con- 
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figurations exhibited an asymmetric nonalternating buckling of the surface dimers. On one hand, OMD shows for the first 10 ps an equilibration to an average temperature of ϳ450 K, followed by a sharp increase to a new equilibrium temperature of ϳ550 K. The ϳ100 K temperature increase is caused by the lowering of the potential energy caused by the concerted transformation event to an asymmetric alternating buckling of the dimers on all five surfaces. The actual configuration ͑after the conjugate gradient run͒ can be seen in Fig. 4͑a͒ . On the other hand, the temperature evolution in PBC MD, shown in Fig. 5͑b͒ , exhibits a gradual increase to the ϳ550 K final equilibrium temperature. When analyzing the NW structure we noted a sequence of transformations to an alternating buckled pattern occurring at the simulation times marked by arrows. Thus, although under the same temperature conditions the transformation starts earlier in PBC MD, after 4.9 ps, it is completed on all five faces after 20 ps. None of the states in the 5 -20 ps interval are described in OMD. In comparison, the concerted transformation occurs on all faces in the OMD run after 10.8 ps ͓see the up arrow in Fig. 5͑a͔͒ . Similar comparisons were carried out for the next two larger P NWs and the OMD advantage was still noted. The H NW surface exposes dimer rows aligned perpendicularly on the NW axis. Our TB-OMD optimization procedure obtained again an alternating buckled pattern of the surface dimers, as presented in Fig. 4͑b͒ . This appears in disagreement with our obtained classical description which does not account for the buckling effect. Regarding the surfaces of the I NWs, we noted that the characteristic surface buckling of the ͑111͒ surface was severely reduced with the increase in diameter. In fact, above 2R = 2.5 nm the surface was practically built up from flat hexagonal rings. The alternating buckled pattern was obtained on the edge surface dimer rows formed at the interface between tetrahedrons. By contrast, the surface did not appear flattened and the edge dimers did not buckle in the classical treatment.
In Fig. 6 we report the obtained stability data for the three NW motifs described by the two microscopic models.
As can be seen from Fig. 6͑a͒ , which plots the NW formation energies E ͑measured per atom with respect to atomic energy values͒ in the TB model as a function of diameter 2R, the P and H NW motifs emerge as the most favorable. ͑Practically the two curves are overlapping at diameters above 2 nm.͒ Surprisingly, the I NW is favorable only at the very small diameters, below ϳ2.5 nm, when the I curve intersects the P one. Above this value, this NW becomes unfavorable. Interestingly, Fig. 6͑b͒ shows that a very different conclusion can be obtained if one relies on the classical potential data. The formation energy curves for the three NWs are very close together. In agreement with previous investigations, 12 the I wire appears now more favorable than the P one and the intersections between the I and P curves, marked by the down arrow, is delayed until ϳ9 nm. In agreement also with the previous comparison 10 based on the classical StillingerWeber potential, the H NW motif appears overall more favorable than the P one. Comparing now the I and H NWs, we see that below 6 nm in diameter the I NW is favored.
B. Comparison of the TB and classical simulations
To rationalize the differences between Figs. 6͑a͒ and 6͑b͒ we have analyzed in more detail how the two microscopic models are describing each NW motif. E − E bulk = ␦E bulk + E sf + E e ,
͑13͒
where E bulk represents the cohesive energy of the crystalline NW bulk, i.e., cubic diamond bulk ͑E bulk c − 4.953 and −4.628 eV for TB and Tersoff potential, respectively͒ for the P and I NWs and the wurtzite bulk Si ͑E bulk w − 4.943 and −4.625 eV for the TB and Tersoff potential, respectively͒ for the H NW. In Eq. ͑13͒ ␦E bulk is the bulk energy correction, which captures the elastic strain stored in the NW core. The surface E sf and edge E e energies have analytic expressions constructed by taking into account the structural parameters of the NWs. A Wulff decomposition extrapolation approach was used before to predict formation energies of NWs at larger sizes. 9 Here, by identifying in the atomistic data the magnitude of the various contributions, we use it to obtain more insight about the differences between the two models.
In Fig. 7͑a͒ we see that overall the TB description of the P NW gives a lower energy. The differences are especially significant at the smaller sizes ͑44 meV/at. at L =2͒ and they diminish as the NW diameter is increased. Using the structural information entered in Table I and recognizing that this NW structure has no edge energy penalty, we obtain that the formation energy should scale with the number of layers L as
where ␥ P is the surface energy penalty per surface atom and ␦E bulk represents the shear elastic energy stored in these structures. Fitting to the atomistic data we obtained ␥ P of 1.25 eV/ at. with TB and 1.39 eV/ at. with Tersoff description. For both models we found that ␦E bulk is small and can be neglected. Thus, the energetic differences noted in Fig.  7͑a͒ can be attributed mainly to the inability of the Tersoff potential to correctly describe the exposed Si ͑001͒ surfaces. Moving on to the H NW, Fig. 7͑b͒ shows similar differences with a classical-TB agreement at large diameters. The H NW does not contain edge and bulk correction terms. Relying on the algebraic form
a least-squares fitting of the two data sets obtained ␥ H as 0.88 eV/ at. in TB and 0.97 eV/ at. with the classical potential. Figure 7͑c͒ shows even larger differences between the two I NW descriptions. While at the lowest diameter the TB model yields a lower energy, the classical potential-based modeling gives a lower energy for L ജ 4 or 2R ജ 2.5 nm. We fitted the data to the algebraic form
which was constructed based on the structural parameters entered in Table I and the observation that there are 6L edge atoms in each computational domain. Due to the different surface reconstruction above 2.5 nm in diameter, the first two TB data points were not included in the fitting. For ␦E bulk we obtained 36 meV/ at. with TB versus 21 meV/ at. with classical. Both models confirm that the I NW stores significant strain energy but due to the errors in reproducing the elastic constants, the strain component is not well represented by the classical model. Further, we found that the flattened surface obtained with TB has a higher 980 meV/ at. cost when compared with the 900 meV/ at. obtained classically. Finally, we found that the buckling of the dimers located on the edges lowers the TB energy as ␦ = −37 meV/ at. A ␦ value of 38 meV/ at. obtained from the classical data agrees with our observation that this model does not capture the dimer buckling. As can be seen from Eq. ͑16͒, the edge energy component is the least important, and the TB description gives a higher energy because the bulk correction and the surface energy count more in the energy balance. Overall, we see that the classical potential 18 introduces errors in the energetic description of the three candidate NWs. Moreover, these errors are not systematic: On one hand, for the P and H NWs the errors are larger at smaller diameters as they are mainly caused by the inability of the classical potential to describe the surface reconstruction. On the other hand, for the I NW the errors are large even at large diameters, as they are due to the inability to describe the strain stored in the NW core as well as the higher surface energy penalty. The magnitudes of these errors are causing FIG. 7 . ͑Color online͒ ͑a͒ P, ͑b͒ H, and ͑c͒ I Si NWs described with the TB ͑full markers͒ and Tersoff ͑open markers͒ potential. The zero of energy is taken to be the cohesive energy of the cubic diamond Si in ͑a͒ and ͑c͒, and the wurtzite Si in ͑b͒. The energy is measured in eV per atom. the energetic ordering of the NW structures not to be identical in the two microscopic descriptions. Hence, different stability conclusions 10, 12 can be reached from the two data sets. We note that the usual approach 9,10 of complementing the large scale classical calculations with expensive quantum calculations carried out at the smallest diameters ͑i.e., that assumes that corrections are needed at the smallest diameters only͒ should be used with care. For example, judging the I NW stability by combining the Tersoff data with the PBCaffordable first two TB data points would be deceiving.
IV. SUMMARY AND CONCLUSIONS
In summary, building on recent theoretical innovations 29 we presented a symmetry-adapted TB objective MD approach that was applied in order to identify the most energetically stable quasi-one-dimensional form of Si. Previous calculations of the most promising NW structures shown in Figs. 1 and 2 were performed in the traditional PBC approach. Because the number of atoms in the large diameter PBC cells prohibited a quantum treatment, they relied largely on the less transferable classical potentials. Here, by exploiting the screw and rotational symmetries exhibited by the candidate structures, we reduced the size of the repeating cells and performed O͑N 3 ͒ calculations based on a transferable nonorthogonal TB potential. We obtained that the P and H motifs are the most favorable nonbulk NWs with less than 10 nm in diameter. For both NWs the bulk correction term is very small and their surface reconstruction is similar. In spite of the low surface energies, the I NWs are not favorable due to the larger strain accumulated in the constituent building blocks.
In order to illustrate the importance of the quantum mechanical description of the nanoscale and to make contact with previous stability investigations, stability calculations were repeated with the Tersoff classical potential. The differences between the two modeling results were interpreted using the Wulff energy decomposition approach, which allows us to identify the magnitude of surface, edge, and core energy components for each NW motif. It showed that the deviations are caused by the errors introduced by the classical potential in describing the interaction of Si atoms in different coordinations and strained geometries.
Our result shows the importance of strain accumulated in polycrystalline NWs. To resolve this aspect, it appeared mandatory to carry out microscopic calculations over a large size range relying on an explicit quantum mechanical treatment of electrons. In the small size range, our result points once again to the need of using transferable potentials. In this respect we recognize that even the present nonorthogonal TB treatment presents its own limitations and a higher level density-functional theory treatment would be in general more desirable. The technical considerations presented in Sec. II B render existing self-consistent TB schemes 39, 40 as particularly appealing for the OMD generalization. It would be further interesting to investigate with OMD how other classical potentials are performing as well as the extent to which Si NW properties differ in the different descriptions. All properties computed under PBC can be also computed in the OMD framework. Moreover, OMD is particularly convenient for computing mechanical responses since the space of the available deformations is larger than under PBC. 29 
